What range of momentum components in the deuteron wave function are available ed elastic scattering data sensitive to ? This question is addressed within the context of a model calculation of the deuteron form factors, based on realistic interactions and currents. It is shown that the data on the A(q), B(q), and T 20 (q) observables at q ≤ 6 fm −1 essentially probe momentum components up to ≃ 4 m π .
I. INTRODUCTION, RESULTS, AND CONCLUSIONS
The present work addresses the following issue: what range of momentum components in the deuteron wave function are probed by presently available e-d elastic scattering data ?
The question is answered within the context of a model [1] , based on realistic interactions and currents, that predicts quite well the observed deuteron A(q) and B(q) structure functions and T 20 (q) tensor polarization up to momentum transfers q ≃ 6 fm −1 . To this end, the deuteron S-and D-wave components obtained in the full theory [1] and denoted as u L (p), L=0, 2, are truncated, in momentum space, as
where the cutoff momentum p n =n m π (m π is the pion mass and n is an integer) and a=0.1 m π . The constants c n are fixed through the normalization condition, Eq. (2.6) below.
The wave functions u L (p; n) corresponding to n=1, 2 and 4 along with the reference u L (p)
are shown in Fig. 1 . The A(q), B(q), and T 20 (q) observables are calculated using these truncated wave functions by including one-body only and both one-and two-body currents.
The results are displayed in Figs. 2-4.
Aspects of the present theory [1] pertaining to the input potential, the boost corrections in the wave functions, the one and two-body charge and current operators, are succinctly summarized in Secs. II-IV. Here it suffices to note that the results shown in Figs. 2-4 are obtained within a scheme in which these various facets are consistently treated to order (v/c) 2 . Thus the present approach improves and extends that adopted in Refs. [2] and [3] , in which relativistic corrections of order (v/c) 2 were selectively retained. For example, the (v/c) 2 contributions associated with the π-exchange charge operator were included, while those originating from the one-pion-exchange potential and from boosting the wave function were ignored. The consistent (v/c) 2 scheme employed here, however, does not alter quantitatively the predictions obtained in Refs. [2, 3] , except for the B(q) structure function as discussed in Sec. V. A detailed analysis of the differences between the two approaches is beyond the scope of this work; it will be presented in Ref. [1] .
We assume that the three-momentum transfer q in e-d elastic scattering is in the zdirection. In the Breit frame the deuteron has initial and final momenta −q/2 and +q/2 in this direction, respectively. In the presence of only single-nucleon currents, the deuteron wave function has to have components with relative momenta p=| p 1 − p 2 | /2 larger than q/4 in order to produce elastic scattering at momentum transfer q. In a limiting case, for example, the nucleons have momenta of −q/2 and 0 in the initial state and +q/2 and 0 in the final, all along the z-axis. Thus elastic scattering via one-body currents probes momentum distributions u L (p) at p > q/4. This argument, however, does not establish the maximum value of p which the observed form factors with q ≤ 6 fm −1 are sensitive to. In addition,
there is no kinematical limit on initial and final relative momenta for scattering via pair currents. Therefore, we use a realistic model of the deuteron to estimate the maximum value of p probed by the available data.
There is growing interest in chiral effective field theories of nuclear forces and currents [4, 5] . In such theories the effective Lagrangian is obtained after integrating out states with momenta greater than a specified cutoff. We hope that the present results provide an estimate of the deuteron structure obtained in theories with cutoff momentum p n =n m π .
The deuteron wave function is dominated by the one-pion exchange potential v π (k), where k=p ′ − p is the momentum transferred by the exchanged pion. The dependence of v π (k) (see Eq. (2.2) below) on the magnitude k is primarily given by the πNN form factor f π (k) for k > m π . In this limit the leading non-relativistic term of v π (k) becomes:
wherek is a unit vector. Thus the deuteron wave function at relative momentum p is expected to be sensitive to f π (k) up to k ≃ p. and of a relativistic one-pion-exchange potential (OPEP) given by
Here m is the nucleon mass, f πN N is the pion-nucleon coupling constant (f 
with Λ π =1.2 GeV/c is used in this work.
The µ-dependent term characterizes possible off-energy-shell extensions of OPEP, and leads to strong non-localities in configuration space. In particular, the value µ=-1 (µ=1)
is predicted by pseudoscalar (pseudovector) coupling of pions to nucleons, while µ=0 corresponds to the so-called "minimal non-locality"choice [8] . It has been known for over two decades [8] , and recently re-emphasized by Forest [7] that these various off-shell extensions of OPEP are related to each other by a unitary transformation, in the sense that
if terms of 2π-range (and shorter-range) are neglected. The hermitian operator U is given explicitly in Ref. [7] . This unitary equivalence implies that predictions for electromagnetic observables, such as the form factors under consideration here, are independent of the particular off-shell extension adopted for OPEP, provided that the electromagnetic current operator, specifically its two-body components associated with pion exchange, are constructed consistently with this off-shell parameter. This point will be further elaborated below. At this stage, however, it is important to recall that Forest has constructed relativistic Hamiltonians H µ with µ=±1, 0, each designed to be phase-equivalent to the non-relativistic H, based on the Argonne v 18 potential.
Given this premise, the µ=0 prescription is adopted for OPEP from now on, and the superscript is dropped from H µ=0 , for ease of presentation. The resulting momentum-space wave function in the rest frame of the deuteron is denoted with ψ M (p; 0) (here, the argument 0 indicates the rest frame in which the deuteron has velocity v=0), and is written as
where p is the relative momentum, M is the angular-momentum projection along the z- 
The internal wave function in a frame moving with velocity v with respect to the rest frame can be written to order (v/c) It is interesting to study the relation between the Breit-frame matrix element ρ(q; B) of the point-nucleon density operator, and the rest frame ρ(q; 0). One finds, again ignoring Thomas precession contributions: 
III. NUCLEAR ELECTROMAGNETIC CURRENT
The electromagnetic charge and current operators include one-and two-body terms.
Only the isoscalar parts need to be considered, since the deuteron has T =0. The one-body term is taken as or rather its transpose, is given by The π-exchange charge operator is obtained, consistently with the off-shell parameter µ adopted for OPEP, as [8] 
where At this point it is important to recall that the π-exchange charge operator corresponding to µ=-1 was included in all our previous studies of light nuclei form factors (for a review, see
Ref. [12] ), based on non-relativistic Hamiltonians, in which the OPEP part of v was taken to be its leading local form, i.e. E ′ =E and E/m → 1 in Eq. (2.2). While these calculations are not strictly consistent, since relativistic corrections are selectively retained in ρ(q) but ignored in the potentials and wave functions, they nevertheless give fairly accurate results since the corrections to the wave function are rather small [6] .
Vector-meson (ρ and ω) two-body charge operators have been found to give contributions, in calculations of light nuclei form factors [12] , that are typically an order of magnitude smaller than those associated with the ρ π operator. In the present study, only the ρ-exchange charge operator is considered: potential [13] , while the ρNN monopole form factor f ρ (k) has Λ ρ =1.2 GeV/c.
Finally, the ρπγ current is obtained from the associated Feynman amplitude as
where g ρπγ and G ρπγ (q) are the ρπγ coupling constant and form factor, respectively, and ǫ 0123 =1. The value g ρπγ =0.56 is obtained from the measured width of the decay ρ → πγ [14] , while the form factor is modeled, using vector-meson dominance, as
where m ω is the ω-meson mass. Note that in Eq. (3.6) the term proportional to k The leading terms in a non-relativistic expansion of Eq. (3.6) reduce to the familiar expressions for the ρπγ charge and current operators, as given, for example, in Ref. [2] .
However, it is known that these lowest-order expansions, particularly that for j ρπγ , are inaccurate. This fact was first demonstrated by Hummel and Tjon [15] in the context of relativistic boson-exchange-model calculations of the deuteron form factors, based on the Blankenbecler-Sugar reduction of the Bethe-Salpeter equation. It was later confirmed, in a calculation of the deuteron B(q) structure function [2] , that next-to-leading-order terms in the expansion for j ρπγ , proportional (1 + κ ρN N )/m 2 , very substantially reduce the contribution of the leading term. This issue will be returned to later in Sec. V. Here, again we stress that the full Lorentz structure of j σ ρπγ is retained in the present study.
IV. DEUTERON FORM FACTORS
The deuteron structure functions A and B, and tensor polarization T 20 are expressed in terms of the charge (G 0 and G 2 ) and magnetic (G 1 ) form factors as
where
and θ is the electron scattering angle. The expressions above are in the Breit frame, and therefore q denotes the magnitude of the three-momentum transfer. The form factors are normalized as
where µ d and Q d are the deuteron magnetic moment (in units of n.m.) and quadrupole moment, respectively, and are related to Breit-frame matrix elements of the nuclear electromagnetic charge, ρ(q), and current, j(q), operators via:
Here j λ=1 denotes the standard +1 spherical component of the current operator.
The calculations are carried out in momentum space. The wave functions ψ M (p; ±v B ) are given in the second line of Eq. (2.7), and the charge and current operators are those described in Sec. III. The one-body current matrix elements involve the evaluation of integrals of the type, in a schematic notation, dp
with p ′ 1 =p + q/2 and p 1 =p − q/2, which are performed by standard Gaussian integrations. The two-body current matrix elements, instead, require integrations of the type dp ′ (2π) 3 dp (2π) 3 
puter programs have been successfully tested by comparing, in a model calculation which ignored boost corrections and kept only the leading terms in the expansions for j σ 1−body and j σ 2−body , the present results with those obtained with an earlier, configuration-space version of the code [2] .
V. FURTHER RESULTS
In this section we briefly discuss the contribution of the ρπγ current to the B(q) structure function. In Fig. 5 the results calculated with the current given in Eq. (3.6) (curve labelled ρπγ-R) are compared with those obtained by using the leading term in its non-relativistic expansion (curve labelled ρπγ-NR),
(5.1) Figure 5 demonstrates the inadequacy of the approximation (5.1), a fact which, as mentioned already in Sec. III, has been known for some time [15] . Indeed a more careful analysis shows that the contributions of next-to-leading order terms are not obviously negligible, since they are proportional to the large ρNN tensor coupling constant, κ ρN N =6.1 in Ref. [13] . We sketch the derivation again here for the sake of completeness.
The vector structure 2) can be written in the Breit frame as
where the index i = 1, 2, 3 and q=k 1 + k 2 . Up to order (v/c) 2 included, one finds, in analogy to the non-relativistic expansion of the nucleon electromagnetic current (with point-nucleon
Retaining only the leading term in Γ ν , namely Γ ν ≃ (1, 0), leads to the expression in Eq. (5.1). Some of the corrections proportional to κ ρN N were explicitly calculated in Ref. [2] , and were found to decrease substantially those from the leading term.
We note, in passing, that the ρπγ charge operator, ρ ρπγ (q), is proportional to 6) where the small non-local term proportional to p ′ 1 + p 1 has been neglected. The standard form of the ρ ρπγ (q) commonly used in studies of light nuclei form factors [10, 11] easily follows.
In this case too, however, higher order corrections included in j 0 ρπγ , Eq. (3.6), reduce the contribution of the leading term, although they do not change its sign. A more detailed discussion of this issue will be given in Ref. [1] .
We conclude this section with a couple of remarks. The first is that the destructive interference between the one-body and ρπγ currents is also obtained in recent calculations of the B(q) structure function, carried out in the covariant framework based on the spectator equation [16, 17] .
The second remark is that in all earlier studies of light nuclei form factors [12] additional two-body currents, originating from the momentum-dependent terms of the two-nucleon potential, were included. Work is in progress [1] on an improved treatment of these currents, in an approach similar to that proposed in Ref. [18] . 
